Tomato yields from fields and greenhouses are often reduced due to virus infection. In a number of cases, geminiviruses have been identified as the disease-causing agents. Geminiviruses are small plant viruses with circular single-stranded DNA (ssDNA) genomes encapsidated in twinned (geminate) particles (Harrison, 1985) . Members have been divided into three subgroups on the basis of their genome organization and host range (Murphy et al., 1995) . Members of the genus Begomovirus (previously known as subgroup III)
Tomato yields from fields and greenhouses are often reduced due to virus infection. In a number of cases, geminiviruses have been identified as the disease-causing agents. Geminiviruses are small plant viruses with circular single-stranded DNA (ssDNA) genomes encapsidated in twinned (geminate) particles (Harrison, 1985) . Members have been divided into three subgroups on the basis of their genome organization and host range (Murphy et al., 1995 infect dicotyledonous plants, are whitefly-transmitted and have bipartite genomes (DNAs A and B). However, some tomato-infecting members of the Begomovirus genus possess monopartite genomes, e.g. tomato yellow leaf curl virus from Israel (TYLCV-Is ; Navot et al., 1991) and tomato leaf curl virus from Australia (TLCV-Aus ; Dry et al., 1993) , whereas others have bipartite genomes, e.g. tomato golden mosaic virus (TGMV ; Hamilton et al., 1984) , TYLCV isolate from India (TYLCV-In ; Padidam et al., 1995) , tomato mottle virus (TMoV ; Abouzid et al., 1992) and tomato leaf crumple virus (TLCrV ; Paplomatas et al., 1994) .
Until recently, tomato plants grown in Central America were not known to be seriously affected by geminiviruses. This has changed during the last few years. Geminivirus-associated epidemics are currently threatening tomato production in Central America (e.g. Mexico, Puerto Rico and Costa Rica) and the southern United States (Simone et al., 1990 ; Abouzid et al., 1992 ; Paplomatas et al., 1994 ; Brown et al., 1995 ; Polston & Anderson, 1997) .
Geminivirus-like symptoms have been observed in tomato plants in the central provinces of Panama since 1983, but ToLCV-Pan became a problem in 1991 with the increase in whitefly populations due to insecticide misuse. The average annual production of industrial tomatoes is 36 036 kg\ha. Yield losses were estimated at 2184 kg\ha per year during the period 1991-1997. Losses for tomato growers were US$ 218n4\ha per year, equivalent to about US$ 1 million during the period 1991-1997 according to the Nestle (Panama) final report on the industrial tomato harvest.
Nucleic acids were extracted from dry leaf material of an infected tomato plant, collected from a field located at Divisa (Panama), as described previously (Frischmuth & Stanley, 1991) . Viral DNA preparations were digested with various restriction enzymes and analysed on 1 % agarose gels. EcoRI was identified as single-cutter in one DNA species and BamHI as single-cutter in both DNA species. EcoRI-and BamHIlinearized viral DNA was isolated from agarose gels with the Bio-Rad Gene Clean kit, cloned into an appropriately cut pBluescript KS(j) vector (Stratagene) and several clones were obtained [one EcoRI clone (pT1) and 12 BamHI clones Percentage identities to ToLCV-Pan within the aligned sequence window are given. Comparisons of the CR sequences were performed with the computer program WDNASIS ; other amino acid sequences were compared using PROSIS. Sources of the viral sequences used for comparisons are described in the legend to Fig. 1 identified five clones (pT7, pT10, pT11, pT12, pT13) that contained this restriction site. For infectivity tests, viral inserts of arbitrarily selected clones (pT1, pT4 and pT10) were liberated by digestion with EcoRI or BamHI, mixed (pT1 with pT4 and pT4 with pT10) and either mechanically inoculated onto Nicotiana benthamiana D. plants as described by Stanley et al. (1990) or used for particle bombardment of Lycopersicon esculentum M. cv. Money Maker. Three out of ten inoculated N. benthamiana plants became infected after inoculation with a mixture of pT1 with pT4 and two out of ten were infected after inoculation with a mixture of pT4 with pT10. The infection symptoms in N. benthamiana were mild stunting and leaf curling. Infection was confirmed by Southern blotting and hybridization with digoxigenin-labelled ToLCV-Pan probes, which specifically detected DNAs A and B. In all symptomatic plants, viral DNA forms were detected (data not shown).
For particle bombardment (Biolistic PDS-1000\He System ; Bio-Rad) of tomato seedlings (used five days after germination), a mixture of clones (pT1 and pT4) bound to gold particles of 1n0 µm diameter was used. Gold particles (60 mg) were incubated for 10 min in 70 % ethanol, washed three times with water and resuspended in 1 ml 50 % (v\v) glycerol. This gold suspension (50 µl) was mixed with DNA of each clone (5 µg), 8 mM spermidine and 1n0 M CaCl # (final concentrations) and incubated for 3 min at room temperature. After two washes with 70 % ethanol, the gold particles were suspended in 72 µl 98 % ethanol ; 6 µl of this solution was placed onto a macro carrier. Following bombardment (900 p.s.i.), the tomato seedlings were planted into soil. Three weeks later, 10 out of 20 inoculated plants showed stunting and mild leaf curling, symptoms which were identical to those of naturally infected tomato plants. Infection of symptomatic plants was confirmed by Southern hybridization (data not shown).
The complete sequences of pT1, pT4 and pT10 inserts were determined using automatic sequence analysis with the Li-Cor system according to the manufacturer's instructions.
Comparison with known sequences of bipartite geminiviruses identified the pT1 and pT10 inserts as DNA B and the pT4 insert as DNA A. The sequences of the pT1 and pT10 inserts were identical and the sequence data are available in the EMBL database under accession numbers Y15034 (DNA A) and Y15033 (DNA B). The sequences were numbered beginning from the adenine at the replication initiation cleavage site in the stem-loop within the common region (CR). The structure of the stem-loop structure is identical to that of other geminiviruses (Lazarowitz, 1992) .
The genomic structure of ToCLV-Pan, deduced from the nucleotide sequences, resembles that of other bipartite geminiviruses (Fig. 1 a) . DNA A encodes five genes and DNA B encodes two. The sequence of the CR between DNAs A and B is almost identical over approximately 150 nucleotides.
The nucleotide sequences and amino acid sequences of putative genes of both genomic components were compared with those of several other viruses using the computer programs WDNASIS, PROSIS and CLUSTAL W. In comparison analyses of whole DNA A and B sequences, ToLCVPan clusters with potato yellow mosaic virus (PYMV ; Coutts et al., 1991) (Fig. 1 b) and the nucleotide sequence similarity to this virus is, for both components, above 80 % (DNA A, 88n0 % ; DNA B, 83n4 %). This high similarity is also observed for the CR sequence (Table 1) . However, an even higher similarity is observed with bean golden mosaic virus (BGMV ; Howarth et al., 1985) , Sida golden mosaic virus from Honduras (SiGMV-Ho and SiGMV-Ho yv ; Frischmuth et al., 1997) , TLCrV and Abutilon mosaic virus (AbMV ; Frischmuth et al., 1990) (Table 1 ). The high similarity between ToLCV-Pan and PYMV is also noticeable for single open reading frames with the exception of the putative AC4 gene product (Table 1) PYMV is particularly high ( Table 1 ). The amino acid sequences are almost identical and differ only in two amino acids, i.e. an alanine instead of a serine at position 27 in ToLCV-Pan and a glutamine instead of a histidine at position 191.
To further examine the relationship of ToLCV-Pan to other bipartite geminiviruses from Central America and South America, the ability of ToLCV-Pan to form viable pseudorecombinant viruses with Sida-infecting bipartite geminiviruses and PYMV from these regions was analysed. Cloned genomic components of PYMV (kindly provided by R. H. A. Coutts, Department of Biology, Imperial College of Science, Technology and Medicine, London, UK), Sida golden mosaic virus from Costa Rica (SiGMV-Co ; Ho$ fer et al., 1997 a) and Honduras (SiGMV-Ho and SiGMV-Ho yv ; Frischmuth et al., 1997) were mixed with genomic components of ToLCV-Pan and each combination was mechanically inoculated onto 25 N. benthamiana plants.
Symptoms were not observed in any of the inoculated plants. No viral DNA was detected by Southern hybridization of nucleic acid extracts from inoculated plants when genomic components of ToLCV-Pan were mixed with Sida-infecting viruses (data not shown). However, in five out of ten plants inoculated with ToLCV-Pan DNA A and PYMV DNA B, low levels of ssDNA of ToLCV-Pan DNA A, but no PYMV DNA B, were detectable (Fig. 2 a, lanes 15-24) . For further analysis, nucleic acids were isolated from inoculated leaves and from leaves above the inoculated leaves (systemic leaves) after ToLCV-Pan-and PYMV-inoculated plants developed symptoms. After inoculation with pseudorecombinant virus ToLCVPan DNA A and PYMV DNA B or the reciprocal pseudorecombinant virus, trans-replication of the heterogenomic DNA B component was observed in both cases (Fig. 2 b, lanes  5 and 7) . Again, systemic movement of ToLCV-Pan DNA A was observed only in a few cases after inoculation with a mixture of ToLCV-Pan DNA A and PYMV DNA B (Fig. 2 b,  lane 8) .
Comparison between the ToLCV-Pan DNA A CR sequence and those of PYMV, SiGMV-Co, SiGMV-Ho and SiGMVHo yv revealed a high similarity although the proposed AC1 binding site, which is essential for the initiation of virus replication (Fontes et al., 1994 a, b) , is as diverse as between other geminiviruses, e.g. AbMV (Table 1) . However, the ability of AC1 to interact and trans-replicate a heterologous DNA B component is not the only criterion for the viability of a pseudorecombinant virus. For example, trans-replication of AbMV DNA B by SiGMV-Co DNA A has been observed in leaf disks as well as in inoculated leaves although this pseudorecombinant virus is not infectious in plants. In these pseudorecombination studies, no systemic movement of the heterologous SiGMV-Co DNA A was observed. In contrast, reciprocal exchange of genomic components between AbMV and SiGMV-Co systemically infects plants, indicating that other viral factors, nucleotide sequences or gene products are important (Ho$ fer et al., 1997 b) . For ToLCV-Pan and PYMV pseudorecombinants, we have shown trans-replication of the heterogenomic DNA B component, but neither combination exhibited symptoms. However, PYMV DNA B is able to support systemic spread of ToLCV-Pan DNA A although to a very limited extent, whereas no systemic spread of ToLCVPan was supported by the Sida-infecting viruses. The absence of PYMV DNA B in systemic leaves is probably responsible CDBG for the lack of symptoms in these plants because DNA B genes are necessary for symptom production (von Arnim & Stanley, 1992) .
Pseudorecombination between distinct viruses has been observed between the Sida-infecting viruses , SiGMV-Co and AbMV (Ho$ fer et al., 1997 b) , and bean dwarf mosaic virus (BDMV) and TMoV (Gilbertson et al., 1993) . All these viruses fall into the same cluster (Fig. 1 b) , indicating that a close relationship, not only in the CR, is probably essential for the production of viable pseudorecombinant virus.
The close relationship of ToLCV-Pan to PYMV, isolated in Venezuela (Coutts et al., 1991) , points to an origin of ToLCVPan from this part of South America. The symptoms in infected tomatoes are very different between ToLCV-Pan and PYMV. The symptoms of ToLCV-Pan infection in tomato are stunting of the plant and mild leaf curling whereas PYMV causes very dramatic symptoms such as severe stunting, yellowing, leaf curling and epinasty (Buragohain et al., 1994) . From our data, we consider ToLCV-Pan to be distinct from but very closely related to PYMV. 
